INTRODUCTION
Plant-available water in the soil is essential for adequate crop growth and development and depends on the soil properties. For plants under water stress, the molecular and physiological processes are impaired (Ramos et al., 1999) , which reduces crop development and yield. Plant-available water is measured directly, by the determination of gravimetric soil water content in a laboratory drying-oven or by indirect methods, with equipments such as the neutron probe and reflectometers. The accuracy of these methods is good, but they are very time-demanding or require the availability of expensive equipment, creating barriers to a large-scale use. To overcome these difficulties, some researchers have proposed mathematical models to estimate soil water retention (Meng et al., 1987; Arruda et al., 1987; Bell & van Keulen, 1995; van den Berg et al., 1997; Pachepsky & Rawls, 1999; Saxton & Rawls, 2006) , known as pedotransfer functions or equations (pedofunctions).
These models estimate water retention by means of soil properties that are more easily measurable or available in the literature and related to water retention, and which are generally related to capillarity and water adsorption phenomena (Rawls et al., 1991) . The water retention curve expresses the soil water content based on its energy state at a given potential. The water retained at lower tensions has a greater relation to soil structure, while at higher tensions it is related to particle size distribution and soil mineralogy. Thus, pedotransfer functions may be generated when the particle size distribution, density, porosity and/or mineralogy of the soil are known (Rawls et al., 1991) .
The available models were developed for temperate regions (Gupta & Larson, 1979; Rawls et al., 1982; Saxton et al., 1986) , where the edaphoclimatic properties are different, so their application in tropical regions may be unfeasible (Tomasella et al., 2000) . In Brazil, some pedotransfer functions have already been established for estimating soil water retention (Arruda et al., 1987; Masutti, 1997; Giarola et al., 2002; Oliveira et al., 2002) , but their validity for soils different from those of the database has been poorly investigated, making the degree of efficiency of a generalized use of these equations rather questionable.
The objectives of this study were: to generate pedotransfer functions to estimate soil water retention at different tensions based on easily measurable soil properties; to evaluate the efficiency of pedotransfer functions generated in other regions for the estimation of water retention in soils of Rio Grande do Sul (RS); and to calculate plant-available water capacity based on soil particle-size distribution of RS soils.
MATERIAL AND METHODS
The pedotransfer functions for the Rio Grande do Sul (RS), Brazil, soils were generated from data obtained from the literature (Kochhann, 1971; Righes, 1971; Cogo, 1972; Gomes, 1972; Curi, 1975; Abrão, 1977; Scopel, 1977; Cintra, 1980; Farias, 1981; Reichert, 1988; Salton, 1991; Costa, 1993; Vasconcellos, 1993; Carpenedo, 1994; Barcelos, 1996; Albuquerque, 1998; Rojas, 1998; Schäfer, 1999; Lima, 2001; Leitzke, 2002; Giarola et al., 2002; Peraza, 2003; Collares, 2005; Silva et al., 2005) . These studies were based on samples collected from various representative soil classes and horizons in different regions of the State, resulting in a total of 725 datasets, which include water retention curves, organic matter, clay, silt and sand content, and bulk and particle density.
Data of water retention were available for the tensions of 1, 6, 10, 33, 100, 300, 400, 500, 900, 1,000, and 1,500 kPa. In some studies the retention curve was determined for up to eight tensions, while in others there is only one tension for water retention. The water retained at the tension of 10 kPa was denominated as field capacity and that of 1,500 kPa as permanent wilting point. The option was made to standardize the estimation of water retention at 10 kPa, determined in the laboratory, although the concept of field capacity for a given tension is questionable, as laid out by Hillel (1998) , who argues that, in addition to soil properties such as texture and mineralogy, the effects of slope, sequence of the layers or horizons and other soil properties influence water retention as well.
For all samples, the particle size distribution (clay, silt and sand fractions) data is available, but in some studies the data are incomplete regarding organic matter content, bulk density, particle density or total porosity. In figure 1 the ample distribution of particle sizes in the dataset can be visualized, with samples in all textural classes, except for the silt textural class. There was a greater concentration in some classes such as loam, sandy loam, clay loam and clay.
Based on the database, multiple regression analyses were performed for the pedofunctions using the "stepwise" option (SAS, 1997) . This method selects the independent variables: sand, silt, clay, organic matter, bulk density, particle density and the sum of the clay fractions plus silt (soil properties) and generates the respective coefficients that compose each pedofunction to estimate the water content retained by the soil at the tensions of 6, 10, 33, 100, 500 and 1,500 kPa. Pedofunctions to estimate water retention for the tensions of 10, 33 and 1,500 kPa were also generated based on particle size distribution data only, which is necessary for databases that do not include the organic matter content and the bulk and particle densities.
For the determination of the multiple regressions, the complete database was used, because the separation in subsets did not improve the accuracy of the equations. Oliveira et al. (2002) also observed that the division of data into subsets based on the textural class, the activity of the clay fraction, or the degree of soil weathering did generally not improve the accuracy of the pedofunctions. Nevertheless, other researchers observed greater accuracy when separating soil groups in classes of soil texture, clay activity or pedogenetic horizons (van Genuchten, 1980; Wösten et al., 1995; Pachepsky & Rawls, 1999) .
The pedotransfer functions were tested by comparing the water content estimated by the proposed equations and those estimated by the pedofunctions proposed by Oliveira et al. (2002) and Masutti (1997) (Table 1 ). In addition, a dataset of an irrigation scheduling and management system (www.sistemairriga.com.br) was used, different from that used to generate the pedofunctions, so as to evaluate the accuracy of the estimations by the equations generated. This database contains the properties particle size distribution and water retention at the tensions of 33 and 1,500 kPa.
To evaluate the accuracy of other available equations, those that estimate the gravimetric soil water content were used, such as those proposed by Arruda et al. (1987) , Oliveira et al. (2002) , Bell & van Keulen (1995) and Masutti (1997) , and others that estimate the volumetric soil water content, as those proposed by Gupta & Larson (1979) , Rawls et al. (1982) , Saxton et al. (1986) , van den Berg et al. (1997) , and Giarola et al. (2002) (Table 1) , with data of organic matter, bulk density and clay, silt and sand content. The estimated soil water content for each model was correlated with the one measured.
Water content at field capacity (-10 kPa), at the permanent wilting point (-1,500 kPa) and plantavailable water capacity (between -10 and -1,500 kPa) were calculated for each sample. The results were grouped by textural class and the mean of each class was presented in a textural triangle. For these properties, regression analysis was performed using program SAS (1997) and path analysis with the program Genes (2007), with result interpretion according to Cruz (2006) . In this analysis, the data were submitted to descriptive statistics, Pearson correlation analysis and multicollinearity. Variables with high and severe multicollinearity were not included in the path analysis.
RESULTS AND DISCUSSION

Soil physical properties and water retention
Clay contents varied from 0.01 to 0.82 kg kg -1 , silt from 0.01 to 0.78 kg kg -1 and sand from 0.01 to 0.99 kg kg -1 . The organic matter content was 0.01 -0.10 kg kg -1 and bulk density 0.86 -1.85 kg dm -3 (Table 2 ). This ample variation is favorable and necessary for the generation of pedotransfer functions (Pachepsky & Rawls, 1999) . Thus, water retention also varied, as exemplified for the tension of 1,500 kPa, with levels of 0.01-0.48 kg kg -1 . These differences reflect the parent material and the degree of weathering, and consequently the physical, chemical and mineralogical properties of the soil.
Water retention is positively correlated with the clay content (Table 3) , because this fraction favors the occurrence of micropores and menisci that generate capillary forces. In addition, clay increases the specific surface area of the soil matrix and, consequently, water adsorption (Hillel, 1998) . These two phenomena, capillarity and adsorption, determine the matric potential and are responsible for soil water retention. Consequently, soils whose constituents or structure favor the appearance of these two phenomena will retain a greater amount of water. 
Estimation of water retention and validation of pedofunctions
Due to the existence of soil variables in the RS soil database with direct and indirect relationships to water retention, it was possible to estimate water retention by pedotransfer functions (Table 4) , as shown in figure 2. The independent variables included in the equations were the same as the model presented by Gupta & Larson (1979) and Rawls et al. (1982) , and the coefficient associated with bulk density also had a negative signal, as in the cited study, which is due to the fact that sandier soils, with low water retention, are denser. In the model of van den Berg et al. (1997), the clay and silt contents better explained variation in water retention, which are variables also present in the model of Aina & Periaswamy (1985) and Arruda et al. (1987) to describe water retention in tropical soils. This shows that some variables are frequently related in studies of estimation of soil water retention, of which clay is the principal variable (Wösten & van Genuchten, 1988) .
The coefficients of determination of the proposed pedofunctions varied from 0.56 at a tension of 500 kPa to 0.67 at tensions of 6 and 10 kPa, all significant at the 1 % level. Nevertheless, there are overestimates for low tensions and underestimates for high tensions, Table 3 . Pearson correlation analysis between water retention at the tensions of 6, 10, 33, 100, 500 and 1,500 kPa with particle size distribution (clay, silt and sand), organic matter (OM), bulk density (ρ ρ ρ ρ ρb), particle density (ρ ρ ρ ρ ρp) and total porosity (φ φ φ φ φt)
(1) θg: Gravimetric soil water content.
(2) The number of data pairs used for calculation and correlation is indicated in brackets: **, * and ns: significant at 1 and 5 % and non significant. (6) n: number of samples with available data.
differences expressed in the angular coefficient, always < 1, with variation from 0.56 to 0.67 (Table 5 ). The underestimation of the equations at high tensions was caused primarily by the presence of soils with a wide variation in mineralogy, since that to generate the pedofunctions all data collected in the literature were included. This same observation was reported by Tomasella et al. (2000) when establishing pedotransfer functions to estimate the coefficients of the van Genuchten equation, and by Williams et al. (1983) in a study of Australian soils.
The coefficients of determination of pedofunctions generated only with data of particle size distribution were 0.44 and 0.54 (Table 4) , less than those of the equations that also use organic matter and bulk density, but which may be used when particle size distribution data are available.
Soil samples with high water retention at a tension of 100 kPa were from horizons A and A/C of a Gleysol and horizon B from a Vertisol. According to Kämpf et al. (1995) , in Vertisols from the plateau region of RS, located in lower areas in the catena, the clay mineralogy is composed of montmorilonite-beidellite, whereas in more elevated areas, kaolinite, smectite and smectite with aluminum hydroxide predominate between layers. These authors also observed considerable differences in the cation exchange capacity of clay in the Vertisol horizons, from 56 cmol c kg -1 in the C to 18 cmol c kg -1 in the A horizon. The role of mineralogy in water retention was already discussed by Woodruf (1950) , based on the particle diameter of the different minerals. Therefore, in addition to particle size distribution, water retention is highly dependent on soil mineralogy, which varies among soils and horizons. Baumer & Brasher (1982) considered the effect of mineralogy in studies of soil water retention as an important variable. In a study by Puckett et al. (1985) in soils with similar mineralogy, the variables particle size distribution, bulk density and porosity were adequate to estimate water retention, while in soils with great mineralogical variation Hodnett & Tomasella (2002) affirmed that mineralogy is a variable that significantly influences soil water retention and, when available, must be considered in the generation of pedotransfer functions.
Evaluation of pedofunctions from the literature
The equations generated with soil samples collected in Brazil, as well as the expression of van den Berg et al. (1997) , which included soils from Brazil and from other tropical climate countries, are presented in figure 3a . Of these five models, that of Masutti (1997) at a tension of 33 kPa and of Oliveira et al. (2002) at tensions of 33 and 1,500 kPa, were those that estimated water retention best, in spite of underestimating water retention at greater tensions. The model of Arruda et al. (1987) presents a gravimetric soil water content estimated at approximately 0.32 kg kg -1 at the tension of 33 kPa, while the measured contents are much higher. All models underestimate water retention at high tensions, which may be observed by the b coefficient of the proposed equation, which frequently has a value of < 0.5. In figure 3b , results of the estimations with models developed with soils from Mexico and the USA were presented. Of these, the model of Bell & van Keulen (1995) estimated the retention measured for Table 4 . Pedofunctions generated to estimate the gravimetric soil water content (kg kg -1 ) from data of Rio Grande do Sul soils, with all soil properties for the tensions of 6, 10, 33, 100, 500 and 1,500 kPa and with data from particle size distribution for the tensions of 6, 10 and 1,500 kPa, by multiple regression analysis R 2 : adjusted coefficient of determination of the equation; Pr: significance level; n: number of data pairs used to generate the equation; θges: estimated gravimetric soil water content. the soils of Rio Grande do Sul with greater accuracy. Nevertheless, the b coefficient of the equation was 0.61 (Table 5) , different than 1 from the straight line 1:1. This indicates an underestimation of water retention at low tensions.
Models developed from soils of the temperate climate region, such as those of Gupta & Larson (1979) , Rawls et al. (1982) and Saxton et al. (1986) , also under or overestimated water retention; nevertheless, dispersion was high (Figure 3b ). With the exception of the model of Saxton et al. (1986) at a tension of 33 kPa, the other models had lower coefficients of determination than the models developed for soils in tropical regions. This may be due to differences in mineralogy between the soils in tropical and temperate climate regions.
The observations based on analysis of the models from the literature and of the model proposed in this study, clearly show the need for specific equations for soils with more homogeneous characteristics, as described by Arruda et al. (1987) , Vereecken et al. (1989) , Wösten et al. (1995) , Salchow et al. (1996) , and Pachepsky & Rawls (1999) . Nevertheless, for the data available, the grouping of soils by texture classes did not increase the coefficients of determination between water retention and soil properties (data not shown). Thus, mineralogy, which is quite variable in terms of soil classes and horizons, should be better studied, as emphasized by Baumer & Brasher (1982) , in order to quantify its relationship with water retention.
To evaluate the accuracy of the model proposed, the estimated results were compared with those table 4 and the soil water content measured in the laboratory for the tensions of 6, 10, 33, 100, 500 and 1,500 kPa in some RS soils. The straight line from the origin represents the 1:1 relation.
estimated by the models of Oliveira et al. (2002) and of Masutti (1997) , which were generated with data from the State of Pernambuco. The water retention estimated by the proposed model, compared to that estimated by the model of Oliveira et al. (2002) has an elevated coefficient of determination (0.93 for 33 kPa to 0.92 for 1,500 kPa), but the model proposed overestimates water retention at the tension of 1,500 kPa (Table 5 and Figure 4 ). For the model of Masutti (1997) , the coefficients of determination were 0.46 at 33 kPa and 0.94 at 1,500 kPa. In addition, the angular coefficient at 1,500 kPa was only 0.42, very different from the unit value, which indicates a significant underestimation.
With the objective of making equations available when there is only information regarding particle size distribution, three water retention equations were generated for the tensions of 10, 33 and 1,500 kPa (Table 4) . For the tensions of 33 and 1,500 kPa, it was possible to evaluate the equations with the data available for soils from an irrigation system. It was observed that at a tension of 33 kPa, the coefficient of determination between the estimated and the measured soil water content was 0.73, but 0.76 at 1,500 kPa ( Figure 5 ). For soils with low water retention, the estimated is greater than the measured soil water content. In addition, the slope of the straight line is different from the 1:1 line. For retention at 1,500 kPa the estimated is greater than the measured soil water content in all samples. This may be the case because the soils underlying the proposed model have a mineralogy containing oxides, kaolinite and smectite, while in the database with the soils of the irrigation system the mineralogy consists predominantly of kaolinite and iron oxides. Nevertheless, the estimation of soil water retention at 33 kPa, depending less on soil mineralogy and more on structure, was satisfactory. Therefore, dispersion is greater and accuracy of water retention lower when we use equations generated from the database with predominance of soils of certain classes, or soils with characteristics that differ considerably from the soils where the model is being evaluated. Thus, the equations will only efficiently express water retention for soils that are similar in regard to their genesis and mineralogy (Williams et al., 1983; Mecke et al., 2002) . When using pedotransfer functions created in other countries, Bonilla & Cancino (2001) observed a low accuracy for Chilean soils. To overcome this limitation, it is necessary to work with a large database to allow a division of the soils into more homogeneous classes. (1) n: number of data pairs to generate the equation; R 2 : coefficient of determination; MSE: mean squared error; Pr > F: significance level for F test; Pr > T: significance level for T test. For the intercept, a significance level > 0.05 indicates that the parameter "a" of the equation of the straight line does not differ from zero. For the slope, a significance level > 0.05 indicates that the parameter "b" of the equation of the straight line does not differ from 1.
(2) θges: Estimated gravimetric soil water content; θgme: Measured gravimetric soil water content; θvme: Measured volumetric soil water content; θgAr: Estimated gravimetric soil water content by the model of Arruda et al. (1987) ; θvGi: Estimated volumetric soil water content by the model of Giarola et al. (2002) ; θgMa: Estimated gravimetric soil water content by the model of Masutti (1997) ; θgOl: Estimated gravimetric soil water content by the model of Oliveira et al. (2002) ; θvbr: Estimated volumetric soil water content by the model of van den Berg et al. (1997) ; θgBe: Estimated gravimetric soil water content by the model of Bell & van Keulen (1995) ; θvGu: Estimated volumetric soil water content by the model of Gupta & Larson (1979) ; θvRa: Estimated volumetric soil water content by the model of Rawls et al. (1982) ; θvSa: Estimated volumetric soil water content by the model of Saxton et al. (1986) ; θgmI: Measured gravimetric soil water content from the irrigation database.
Plant-available water for RS soils.
Using path analysis, the direct and indirect effects of soil properties on water retention were evaluated (Table 6 ). For water retention at field capacity (10 kPa), direct and positive effects of clay and silt are observed, and a negative effect of bulk density. The direct effect of clay (R = 0.71) is greater than its total effect (R = 0.62) due to its indirect effect through the silt content (R = -0.23). In the more clayey soils, the silt content had a negative relationship with clay (R = -0.42) and the lower direct contribution of the silt fraction to water retention (R = 0.54) diminishes the total effect of clay in that retention.
The total effect of bulk density was negative (R = -0.65), a result of its direct effect (R = -0.27) and indirect effect via the clay content (R = -0.34). In denser soils, the volume of larger pores diminishes, affecting water retention at field capacity. With an increase in sand content, bulk density increased (R = 0.51); thus in the denser and sandier soils, water retention was less, which resulted in an indirect effect of particle size distribution in reducing field capacity in the denser soils. Therefore, sandier and denser soils with greater macroporosity and less microporosity than the clayey soils have a lower capacity for water retention (Casaroli & Jong van Lier, 2008) ; however, in soil without variation of particle size distribution, compaction generally reduces total porosity and the volume of larger pores (Araujo et al., 2004) . As shown by Klein & Libardi (2002) , soil cultivation in dryland and irrigated farming, compared to forest soil, generally increases water retention between tensions of 6 and 1,500 kPa, in the plant-available range, and also water retention in tensions > 1,500 kPa, unavailable to plants.
The organic matter content had a total positive effect on water retention at field capacity, with a correlation coefficient of 0.41. The direct effect was low (R = 0.14), but indirect effect of clay (R = 0.04), silt (R = 0.15) and bulk density (R = 0.09) were responsible for the total effect (Table 6 ). This indicates that in soils with a greater clay plus silt content there is more organic matter (R =0.22), soil fractions that contribute to the additive effect on water retention by organic matter, as also observed by Bell & van Keulen (1995) for soils in Mexico. Bauer & Black (1992) affirmed that organic matter increases water retention more in sandy soils than in clayey soils. Similar effects to those discussed for field capacity were observed for the permanent wilting point, however with different correlation coefficients (Table 6) , primarily due to the lower direct effect of the silt fraction. Furthermore, for bulk density, the negative effect on water retention (R = -0.44) was principally indirect via clay content (R = -0.33) and from organic matter (R = -0.04).
The water content retained at field capacity varied from 0.141 kg kg -1 in the sand class to 0.477 kg kg -1 Figure 5 . Ratio between the gravimetric soil water content measured for the soils of the irrigation system (θ θ θ θ θgmI) and that estimated by the proposed model (θ θ θ θ θges) for soils with particle size distribution information. in the silty clay class, while the permanent wilting point varied from 0.050 kg kg -1 in the sandy loam textural class to 0.286 kg kg -1 in the silty clay textural class (Figure 6 ). Both the field capacity and permanent wilting point increased in similar magnitude with the increase in clay content, which caused little changes in the plant-available water capacity with the increase of soil clay content (Figure 7 ). An exception was observed in the case of low clay contents, in the sand textural class, with less plant-available water capacity. Consequently, the plant-available water capacity increases when the clay content increases to near 0.15 kg kg -1 , and remains constant thereafter (Figure 7 ).
The mean plant-available water capacity for the evaluated soils was 0.130 kg kg -1 , with less retention in the sand textural class and greater in the silt clay textural class (Figure 6 ). Other classes with greater retention were the silty clay loam (0.158 kg kg -1 ) and silty loam (0.176 kg kg -1 ). In the other textural classes, the plant-available water capacity varied little with the particle size distribution, from 0.116 kg kg -1 , in sandy clay loam, to 0.137 kg kg -1 , in sandy clay soil. The lower plant-available water capacity in the sand textural class is related to the low specific surface area of these soils, while the greater availability in the silt clay class is related to the greater presence of clay and silt, with a larger specific surface area. When the three classes with greatest retention are analyzed, it is observed that these soils are less weathered and with a greater silt clay ratio and, therefore, greater contribution to water retention with 2:1 type minerals.
The path analysis showed that the plant-available water capacity had a positive total correlation with the silt content (R = 0.22) and organic matter (R = 0.19), and a negative total correlation with bulk density (R = -0.30). For the silt content and bulk density, the effects were direct, while for organic matter, the direct effect was small (R = 0.04) and the total effect was related to the indirect effects via the silt content (R = 0.06) and bulk density (R = 0.10) ( Table 6 ). Soils with greater organic matter content were those with greater silt content (R = 0.22); thus, the greater water retention of these soils was also via silt. Low correlation coefficients among soil properties and plant-available water capacity have frequently been reported (van den Berg et al., 1997; Giarola et al., 2002) , probably due to the interactions with positive and negative effects among the soil properties, as verified by path analysis. Table 6 . Correlation coefficients considering the direct and indirect effects obtained by path analysis between the contents of clay, silt, organic matter (OM), bulk density (ρ ρ ρ ρ ρb) and particle density (ρ ρ ρ ρ ρp), with the gravimetric soil water content retained at field capacity (10 kPa), at the permanent wilting point (1,500 kPa) and the plant-available water capacity (retained between 10 and 1,500 kPa)
(1) Correlation coefficient.
CONCLUSIONS
1. Pedotransfer functions generated from soils of other geographical regions are not adequate for estimating water retention of the soils of RS.
2. The proposed equations generally include the variables organic matter, bulk density and clay plus silt fractions.
3. The contents of clay, silt and organic matter had a total positive correlation with soil water content at field capacity and at the permanent wilting point, whereas bulk density had a negative correlation with water content at field capacity. Part of the correlation was due to an indirect effect, as a consequence of interrelationships which exist among soil properties.
4. The level of plant-available water capacity was lowest in the sand textural class due to the low specific surface area, while the greatest level was observed in the classes with a greater silt content and, therefore in those with a greater silt/clay ratio, indicating less weathered soils with a greater quantity of 2:1 type clay minerals. 
